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A Computational Model for Drilled 
Cutting Transport in Air (or Gas) 
Drilling Operations 
The hydrodynamics of isothermal, one-dimensional gas-solids suspension is 
theoretically analyzed. A computational model is developed. The model is applied in 
predicting the pressure drop distribution in air-sandstone mixture flows through a 
vertical annular space (simulating the flow stream between a bore hole and a drill 
pipe). The model can be applied to any isothermal, one-dimensional flow of gas-
solid suspension. The numerical results are in satisfactory agreement with the ex-
perimental data collected from studies done on drilled cutting carrying capacity of 
air in air-drilling operations. 
Introduction 
Drilling with air or gas is one of the latest developments in 
drilling techniques. Air (or gas) and aerated (mist and foam) 
drilling are used in various areas because of improved penetra-
tion rates, and other advantages associated with reduced 
pressure drilling as compared to conventional mud drilling. 
The high compressibility of aerated drilling fluids and 
multiphase flow phenomena encountered when using these 
fluids along with a large number of variables that affect the 
process have made the task of analyzing and predicting the 
performance of these systems very difficult. Air, gas or 
aerated fluid drilling, consequently, has been a trial and error 
technique. 
As mentioned in the foregoing, optimal results and greatest 
economy from air (or gas) drilling depend on several factors. 
The single most important factor to consider in setting up an 
air drilling operation is the volume of air necessary to do the 
work of hole cleaning and transporting the drilled cuttings to 
the surface. Empirical correlations have been developed and 
proposed in the literature [1-5] on the basis of laboratory size 
models. These attempts are valid over the ranges of ex-
perimental conditions investigated and over a very limited 
range of some actual drilling conditions at best. This paper at-
tempts to propose a mathematical and computational model 
which is an important component of minimum air volume re-
quirement calculations. 
The prediction of air volume requirement depends, primar-
ily, on the pressure drop characteristics of the flow of the mix-
ture of air and drilled cuttings (solid particles) in the annular 
flow stream of the borehole because the major portion of the 
total pressure drop in the circulation system is made up of the 
pressure drop in the annulus. The drilled cuttings transported 
to the surface from the bottom of the hole are of various sizes, 
shapes, densities and compositions; and their presence in the 
air flow affects the pressure drop differently. The 
mathematical and computational model presented in this 
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paper analyzes the fluid dynamic effects of clouds of various 
size particles (drilled cuttings) and calculates the pressure drop 
of the mixture and velocities of the separate phases. This pro-
vides the necessary tool to the designers and operating 
engineers of such systems for calculating optimum fluid injec-
tion rates in the field. The theoretical model presented here 
also helps eliminate the need for dependence on the purely em-
pirical correlations for such calculations. And ultimately, it 
enhances the basic understanding of the physical processes 
that control the performance of air drilling methods. 
Theoretical Analysis 
Nature of the Problem. The primary difficulty in model-
ing gas-particle flows arises from the fact that the flow of the 
gas (continuum) phase is most conveniently described in an 
Eulerian system, whereas the particle (discrete) phase is more 
amenable to a Langrangian description. The analytic and 
computational models which have been developed for gas-
particle flows have treated the composite system as a con-
tinuum, utilizing the Eulerian approach [6, 7] 
Another feature of isothermal two-phase flows which adds 
a further complication over single-phase flows are the coupl-
ing phenomena; i.e., the exchange of momentum between 
phases. These coupling phenomena comprise a very complex 
interaction which affects both the gas and particulate phases 
[8, 9]. Consider, for example, slowly moving particles in an 
accelerating gas flow field. Momentum is transferred from the 
gas to the particles through the drag force interaction, and 
consequently there is a corresponding decrease of momentum 
in the gas. The decrease in momentum of the gas will change 
the particles' velocities. The enormity in the inherent com-
plication of the situation is apparent when the thermal and 
mass coupling are also included. 
Several analytic models for gas particle flows have appeared 
in the literature over past decades. One of the early ap-
proaches was to assume dynamic and thermal equilibrium be-
tween phases (called the equilibrium solution), which cor-
responds to a single-phase fluid with modified properties [10]. 
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Fig. 1 Flow of gas-particle mixture in an annulus 
Others [6, 11] have assumed that aerodynamic drag is respon-
sible for particle motion but that there is no effect of the parti-
cle motion on the gas flow. Such highly idealized models do 
not have universally reliable predictive capabilities. The most 
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Fig. 2 A typical computational cell (control volume) 
gas-particle flows resulted from the need to predict perfor-
mance losses in rocket nozzles due to condensed-phase com-
bustion products. In this situation the equilibrium solution 
was invalid and the loading was such that the coupling (effect 
of particles on gas) could not be ignored. Hoglund [7] has 
presented a succinct commentary on one-dimensional com-
puter models in his review article. 
The problems of air (gas) drilling technology involve sub-
sonic gas-particle flows. This paper presents a new 
mathematical computational model for quasi one-dimensional 
subsonic gas-particle flows. The computer model solves the 
gas flow field through the basic conservation principles which 
are directly applied to a small control volume. The solution 
procedure is such that the flow field is solved for one control 
volume after the other until the entire flow field is obtained. 
Mathematical Formulation 
Consider the flow of gas and particle mixture in the annular 
channel of a straight borehole of depth L (or length) as shown 
in Fig. 1. To formulate the computational model for the prob-
lem, the entire length of the flow stream is subdivided into a 
Nomenclature 
A = cross-sectional area 
Ap = particle's projected 
area 
CD = particle drag coefficient 
D = diameter of pipe 
DH = hydraulic diameter of 
annulus 
d, = particle diameter of size 
i 
f = drag factor {fm,fg, fs) 
FDi = drag force due to parti-
cle of size di 
FDNPW) — drag force due to all 
particles of size dt 
FDT = drag force due to all 
particle sizes 
g = acceleration due to 
gravity 
gc = gravitational constant 
nip = particle mass 
nip = mass flow rate of 
particles 











total number of par-
ticles of size dj 
pressure 
pressure drop for mix-
ture flow 
frictional pressure drop 
between wall and air 
pressure drop due to 
drag forces between 
solid particles and fluid 
pressure drop due to 
change in velocity of air 
phase 
pressure drop due to 
change in velocity of 
solid phase 
pressure drop due to Subscripts 
gravitational force 




gas constant (air) 
T = gas temperature 
t = time 
U = velocity of gas phase 
Vti = terminal velocity of, 
particle of diameter dj 
V = velocity of particulate 
phase 
Ax = size of computational 
cell 
Z = loading ratio = mp/mg 
Z, = loading ration of par-
ticles of diameter d( 
H = gas viscosity 
p = gas phase density 
1 = upstream conditions 
2 = downstream conditions 
g = gas 
p = particle 
m = mixture of gas and 
particles 
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number of computational cells. A typical cell is shown in Fig. 
2. 
The following assumptions are made for the analysis: 
(0 The flow is a steady-state, isothermal and fully 
developed flow. 
(if) The inner and outer pipes (both) are not rotating. In ac-
tual drilling operations the inner pipe (drill pipe) rotates while 
the outer pipe (casing or the wall of the hole) is stationary. 
(Hi) The solids are present as a dilute phase, so that particle 
to particle interaction and particle to wall interaction can be 
neglected. 
(iv) Flow through an annulus is modeled using the 
equivalent hydraulic diameter concept for friction loss calcula-
tions. 
(v) Particles achieve terminal velocity so quickly, that par-
ticles' acceleration process is neglected. This is a very good ap-
proximation for the problem at hand, because particle total 
travel length (and time) is very large compared to the time it 
takes to accelerate to terminal velocity. 
The principles of conservation of mass and momentum will 
be applied to develop the equations governing this flow pro-
cess. The mass conservation principle for the gas flow can be 
written for the typical control volume (shown in Fig. 2) as 
follows: 
p2U2=plUl (1) 
where subscripts 1 and 2 refer to the inlet and outlet conditions 
of the flow. 
The momentum principle can be written as 
Apm = A -p2 = APfm + APds + APm + APVS + APgm (2) 
where 
Apm = pressure drop for the mixture flow in the annular 
control volume (between point 1 and point 2) 
APj-,,, = pressure drop due to frictional forces between the 
wall and air-solids mixture 
APds = pressure drop due to drag forces between solid 
particles and fluid. 
APDa = pressure drop due to change in velocity of the air 
phase while passing through the c.v. 
APVS = pressure drop due to change in the velocity of solid 
(particle) phase while passing through the c.v.. 
A/> pressure drop due to gravitational force 
Each of the foregoing pressure drop terms contributing to 
the total mixture pressure drop between points 1 and 2 of the 
c.v. needs to be evaluated. That follows next: 
AP/m Term. Frictional pressure drop, APfm is calculated 
by assuming that the presence of solids do not change the fric-




where DH = hydraulic diameter of the annulus 
= D0-D, 
The friction factor / in equation (3) is a function of 
Reynolds number and pipe roughness of the flow. The Cole-
brook equation has been widely used for calculation of / . 
However, the Colebrook equation is not the most efficient 
equation form for computer applications. Wood has 
developed an empirical equation, explicit in / , which closely 
approximates Colebrook's equation and is more suitable for 
computer application. Wood's equation is used in this model 
and is given as follows [12]: 
where 




- (4- )"" 
pUD/iM (6) 
k = roughness of the pipe 
Wood's equation has been found to deviate as much as 4 
percent from the Colebrook equation. 
As stated in assumption (iv) hydraulic diameter DH should 
be used in equations (4), (5) and (6). 
APds Term. The pressure drop contribution due to drag 
forces on the solid particles, APds, can be calculated using the 
terminal velocity concept. When a solid particle is transported 
vertically by an air stream there will always be a difference of 
velocity between the two phases. The difference in velocities of 
the gas phase and solid phase is known as slip velocity. 
V«, • U-V (8) 
The slip causes drag force on the particle and results in the 
momentum loss of the gas phase. The drag force acting on a 
single particle in the flow will be given by 
Fni = (-^P-VsL
2)'CDApi/gc (9) 
where FDi = drag force acting on particle of diameter d, 
dj = diameter of single size particle (other terms 
are defined in Nomenclature) 
If the number of particles of diameter d,- in the control volume 
is denoted by Npidf), then total drag force acting on the gas 
phase 
FoNpm =NpmFDi (10) 










The corresponding pressure drop can be evaluated as 
APd (15) 
where 
A = (-K/4)(DI-D?) (16) 
Equation (9) cannot be evaluated (and therefore equation 
(15) cannot be evaluated) unless the slip velocity (KSL) has 
been determined. VSL can be evaluated by calculating the ter-
minal velocity of the particle which depends on particle 
diameter, particle density, gas density and drag coefficient. It 
is also a function of the shape of the particles. For a single par-
ticle in gas flow, if it is assumed of a spherical shape, using 
Stokes law it can be shown that 
K"'-|_3 CD-pJ 
(17) 
where CD is the drag coefficient and the value of CD depends 
on whether the flow is laminar or turbulent around the 
spherical particle. For irregular shaped particles, the widely 
/ = a + bRe-
a = 0.026 (4-y + 0.133 (4-) 
(4) 
(5) 
CD = 24/R^, 
= 10/Rep° 
= 0.85, 
R e p<0.4 
0.4<R e„<500 
Rep > 500 
(18) 
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Fig. 3 Flow chart for the computational model 
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In a nonaccelerating flow of gas and particle mixture (e.g., 
flow in a constant diameter duct without appreciable pressure 
drop), the slip velocity is equal to the terminal velocity of the 
particle (i.e., VSL=Vli). 
APva Term. The pressure drop contribution due to change 
in velocity of the gas phase can be written as 
APva = mg(U2-U1)/A.gc (20) 
For a constant area duct this term can be neglected if the flow 
is isothermal and pressure changes are small. Such is the case 
for the problem we are modeling in this paper. 
APVS Term. Pressure drop contribution due to change in 
the velocity of the solid phase can also be written as 
Fig. 4 Summary of experimental conditions of Machado and Ikoku 
data 
*P„ = mp(V2-Vd/A*gc (21) 
Again, in a constant area duct flow and the conditions 
outlined in the previous paragraphs, the flow is not ac-
celerating and hence V2=VX. Therefore APVS is neglible. 
APgm Term. Pressure drop due to the gravitational weight 
of the column of the mixture is given by 
APgm=PmgAx/gc (22) 
where pm is the mixture density, which is given by 
pm = ( l + 2 ) p (23) 
Auxiliary Equations. Following additional equations 
characterizing the properties of the flow have been included in 
the model: 
(a) Air has been treated as an ideal gas, and the ideal gas 
equation 
P = pRT (24) 
has been used to relate density and pressure in the flow. 
For gases other than air, appropriate equations of state 
should be used. 
(b) Viscosity of air is a strong function of temperature. The 
viscosities have been corrected for temperature effects by us-
ing 
^ = ( 7 7 2 7 3 . 1 ) " (25) 
where for air 
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Table 1 
Type of particles = sandstone Length of test section= 13.5 ft 
Particle size = 0.025 in. outside diameter of inner pipe = 4.0 in. 
Type of gas = air Inside diameter of outer pipe = 1.5 in. 
Length of test section = 13.5 ft 
Outside diameter of inner pipe = 4.0 in. 
Inside diameter of outer pipe= 1.5 in. 
Inlet Solid mass Gas Measured Calculated Measured Calculated 
pressure flow rate flow rate pressure drop pressure drop mixture mixture 
P a v g , psia Ms, lbm/s Q, scf/hr APm.psi APm.psi friction factor friction factor 
Jm J in 
32.00 0.0436 14602.36 0.0338 0.0342 0.005563 0.005696 
31.95 0.0436 13961.97 0.0338 0.0331 0.006021 0.005789 
30.89 0.0436 13324.95 0.0325 0.0319 0.006086 0.005898 
29.72 0.0436 12574.24 0.0313 0.0306 0.006296 0.006041 
27.71 0.0436 11396.42 0.0300 0.0286 0.006927 0.006308 
25.70 0.0436 10229.39 0.0275 0.0267 0.007137 0.006636 
23.66 0.0436 8868.35 0.0250 0.0248 0.007686 0.007203 
31.98 0.0612 14093.46 0.0350 0.0349 0.006043 0.006048 
31.13 0.0612 13532.89 0.0350 0.0340 0.006482 0.006163 
29.68 0.0612 12743.30 0.0338 0.0326 0.006748 0.006334 
27.75 0.0612 11540.30 0.0325 0.0306 0.007442 0.006647 
26.14 0.0612 10492.23 0.0313 0.0289 0.008188 0.007016 
24.11 0.0612 9233.00 0.0300 0.0268 0.009427 0.007596 
31.98 0.0755 14118.27 0.0375 0.0364 0.006612 0.006278 
30.93 0.0755 13458.90 0.0363 0.0352 0.006758 0.006423 
29.86 0.0755 12732.16 0.0363 0.0340 0.007422 0.006614 
28.28 0.0755 11855.03 0.0350 0.0325 0.007825 0.006848 
26.69 0.0755 10906.24 0.0350 0.0310 0.008974 0.007193 
NOTE: Appropriate SI Conversion Uni ts - 1 in. = 2.54 cm, 1ft = 0.3048 m, 1 psi = 0.00689 MPa, 1 lb = 0.4536 
ix = viscosity in cp at given temperature 
ft = viscosity in cp at 0°C 
T° = absolute temperature in Kelvin 
n = constant = 0.768 for air 
Computational Model 
The flow chart for the computational algorithm is shown in 
Fig. 3. The computational scheme solves the flow field in a 
stepwise fashion; namely knowing the flow properties P , , p, 
and f/j at station 1, the flow properties P 2 , f>2 and U2 at sta-
tion 2 are obtained by using equations (2) through (25). 
Sub-Algorithm for Calculation of Terminal Velocities, 
V,. As mentioned earlier, the terminal velocity of the solid 
particles has to be calculated using equation (17). But equation 
(17) can be solved for a known value of CD, which is a func-
tion of the unknown terminal velocity (see equations (18) and 
(19)). An iterative procedure of calculation is devised to 
calculate V,. 
(a) As a first guess V, is assumed to be equal to the known 
gas velocity U. 
(b) Rep is calculated using equation (18). 
(c) Value of CD is evaluated using equation (18). 
(d) A new value of V, is calculated using equation (17). 
(e) If the value calculated in step (d) is not within the 
specified error tolerance, then the step (d) value is taken 
as the next new guess for V, and calculation goes back 
to step (a). This cycle of calculation is repeated until V, 
converges. 
The foregoing procedure is repeated for each computational 
cell. 
Main Algorithm for Calculation of AP,„. The main 
calculation procedure proceeds as follows (refer to Fig. 3): 
(/) Take the first computational cell. 
(if) Take one particle size, tf, (out of Np). 
(Hi) Solve for its terminal velocity (using sub-algorithm 
discussed in the foregoing). 
(iv) Repeat steps (f) and (if) for each particle size in the 
solid sample. 
(v) Calculate APds (pressure drop due to solids friction) 
by summing over all particles sizes in the cell, using 
equation (15). 
(vf) Calculate APym and APgm for the cell, using equations 
(3) and (22). 
(vif) Calculate pressure at the outlet of the cell, using equa-
tion (2). 
(viif) Check if the end of the length has arrived. 
(a) If not, pick up the next computational cell and go to 
step (if) 
(b) If yes, write the output and stop. 
Results and Discussions 
A computer program was developed using the foregoing 
mathematical model and computational algorithm. The com-
puter model is used to predict the pressure distribution for an 
annular flow of air-solids mixture. Literature search reveals 
that there is a lack of good published experimental data (of the 
kind we need to evaluate the model) related with air drilling. 
The recent data published by Machado and Ikoku [4, 5] on a 
simulated air drilling experiment has information that came 
closest to what we need to evaluate and validate the prediction 
capability of the computational model. Predictions of the 
model have been compared with these data [4, 5] in this paper. 
Even Ikoku's data has omitted accurate information on 
such details as particle size distribution of the solids that were 
used and actual pressure at the inlet of the test section. Lack of 
this information makes the interpretation of the data 
somewhat difficult. To aid in interpreting and uncertainties in 
the experimental data some "sensitivity study" has been pro-
vided in this paper. 
The details of the experimental work and data are available 
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calculated pressure drops—inlet pressure = Pavg 
in references [4, 5]. A summary of the experimental conditions 
pertinent to the evaluation of the model is provided in Fig. 4. 
The predicted results (from the model) and experimental 
data of Machado and Ikoku are given in Table 1. Table 1 lists 
the data for different air flow rates, different solids flow rates, 
different inlet pressures and temperatures for the flow of 
sandstone particles which have a mean size of 0.025 in. (0.63 
mm). The numerical results check closely with the experimen-
tal data. This shows the usefulness and the accuracy of the 
present model. 
As mentioned in the foregoing, the inlet pressure data has 
not been measured or reported accurately by Machado et al. 
[4, 5]. Though this uncertainty was not critical to the ex-
perimental study (or for this model), it is highly desirable for 
the computational model calculation. This is illustrated in 
Figs. 5 through 7. It is assumed that inlet pressure data has an 
uncertainty of ±25 percent about what has been reported by 
the authors (Pavg value). Pavg is the mean of atmospheric 
pressure and the pressure upstream of the orifice plate in the 
experimental rig. The orifice plate is located at an unspecified 
length away from the inlet of the test section. That makes us 
conclude that Pavg is not quite the same as the pressure at the 
inlet of the test section. Figures 5-7 quantify the sensitivity of 
prediction with the changes (up to 25 percent) in inlet pressure. 
Inlet pressure about 20 percent higher than average pressure 
gives better agreement with the data. Particle size distribution 
data is also not available. Machado et al. report only the 
arithmetic mean size of the solid sample (e.g., 0.63 mm or 
0.025 in.) for the actual size range (20 to 40 mesh or 0.84 to 
0.42 mm). The sample may have more of large size particles or 
more of small size particles. The model has the capability to 
evaluate the effect of a given distribution in the solid loading. 
In the absence of known size distribution, we evaluated the 
sensitivity of prediction to different distributions by taking 
two other sizes around the given arithmetic mean size (0.63 
mm) within the given maximum (0.84 mm) and minimum 
(0.42 mm) range. The pressure drop did not change 
significantly with particle size changes in this range, because 
the range itself is very narrow. 
A friction coefficient, fm, can be defined for the mixture 
pressure drop (which includes APf„, and APds only) as follows: 
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APfm + M>ds = 2 . / m .L.tf/gcDH 
This is a useful parameter in characterizing the pressure 
drop behavior of a gas-solids mixture, because in terms of fm 
we can define a solid friction factor, fs, such that 
J m J g ^Js 
where fg is friction coefficient of pure gas phase as defined by 
equation (3). 
The predicted values of /,„ (by the model) and the ex-
perimentally determined values of fm as a function of flow 
Reynolds number are tabulated in Table 1 for comparison. 
They agree within ±6 percent. 
Thus, in general, keeping reported and unreported uncer-
tainties of the experimental data in perspective, the predictions 
of the computer model checks within ± 10 percent error 
margin. To widen the validity limits of the model, it needs to 
be checked with other experimental data, especially with dif-
ferent particle size distributions and larger annular dimen-
sions. This is currently being done. 
Conclusions 
The proposed model provides a convenient and accurate 
computational tool for predicting the solids carrying capacity 
of gases in one-dimensional isothermal two-phase flow 
systems such as air-drilling operations. 
The application of the model to air-sandstone particle flow 
in a vertical annular channel has been illustrated. Reasonably 
good agreement between predictions and available experimen-
tal data establish the validity of the model. For accurate 
predictions, the model requires an accurate input data on inlet 
temperature, gas mass flow rate and solid mass flow rate. 
This computer model can be used in predicting the air 
volume requirement of an air drilling operation. 
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